T he cytochromes P450 comprise a superfamily of hemecontaining mono-oxygenases that play central roles in the metabolism of a wide variety of endogenous compounds including drugs and carcinogens. The oxidation of their substrates occurs through a series of steps that collectively constitute the P450 catalytic cycle. An essential component of the cycle is the delivery of two electrons from NADPH-CYP450 reductase (CPR). The first electron reduces the ferric heme to the ferrous state that binds molecular oxygen to produce an oxyferrous complex. The second electron leads to the formation of the peroxo intermediate, which is protonated twice: the first proton serves to yield the hydroperoxo intermediate and the second to cleave the oxygenÀoxygen bond. Finally, oxidation of the substrate by an oxyferryl intermediate leads to product release and regeneration of the resting state of the enzyme. 1, 2 The crystal structure of rat CPR reveals that an FMN-binding domain, an NADPH/FAD-binding domain, and a "linker" domain compose the three catalytic regions of the enzyme. 3À5 The FAD serves as an electron acceptor from NADPH, whereas the FMNbinding domain interacts with P450 to transfer electrons. Although we have known for some time that the P450ÀCPR interaction is required for P450 catalysis, details are lacking with respect to the fundamental principles that govern redox partner recognition. What is the molecular basis for the rapid association and dissociation of the P450ÀCPR complex that allows for efficient electron transfer? Since the ratio of CPR to P450 in the endoplasmic reticulum is estimated to be 1:20, 6, 7 how does CPR orchestrate the recognition and reduction of not only multiple P450 isoforms but cytochrome b 5 , 8 cytochrome c, 9 heme oxygenase, 10 and squalene monoxygenase 11 as well? Currently, it is thought that the association of P450s with CPR is largely driven by charge-pairing interactions between a small cluster of positively charged amino acid residues located on the surface of the side at which the prosthetic heme is ligated to the P450 (proximal) and another cluster of negatively charged amino acid residues located on the FMN domain of CPR. 3, 12, 13 For example, Shimizu et al. mutated a series of Lys and Arg residues in order to identify the binding site of CPR on CYP1A2. Their studies showed that the mutated residues may form charge interactions with CPR and/or orient the two proteins for functional interaction.
14 Some of these surface-exposed residues were on the proximal side of CYP2B4 and correspond to residues Arg-422, Lys-433, and Arg-443 in CYP2B4, which were investigated extensively by Bridges et al. using alanine-scanning mutagenesis. 15 In addition to these three basic residues, Bridges et al. ' s work demonstrated that CYP2B4 R122A, R126A, R133A, and K139A variants exhibited ABSTRACT: Cytochrome P450 (CYP or P450)-mediated drug metabolism requires the interaction of P450s with their redox partner, cytochrome P450 reductase (CPR). In this work, we have investigated the role of P450 hydrophobic residues in complex formation with CPR and uncovered novel roles for the surface-exposed residues V267 and L270 of CYP2B4 in mediating CYP2B4ÀCPR interactions. Using a combination of fluorescence labeling and stopped-flow spectroscopy, we have investigated the basis for these interactions. Specifically, in order to study P450ÀCPR interactions, a single reactive cysteine was introduced in to a genetically engineered variant of CYP2B4 (C79SC152S) at each of seven strategically selected surface-exposed positions. Each of these cysteine residues was modified by reaction with fluorescein-5-maleimide (FM), and the CYP2B4-FM variants were then used to determine the K d of the complex by monitoring fluorescence enhancement in the presence of CPR. Furthermore, the intrinsic K m values of the CYP2B4 variants for CPR were measured, and stopped-flow spectroscopy was used to determine the intrinsic kinetics and the extent of reduction of the ferric P450 mutants to the ferrous P450ÀCO adduct by CPR. A comparison of the results from these three approaches reveals that the sites on P450 exhibiting the greatest changes in fluorescence intensity upon binding CPR are associated with the greatest increases in the K m values of the P450 variants for CPR and with the greatest decreases in the rates and extents of reduced P450ÀCO formation.
Biochemistry ARTICLE dramatically decreased binding to CPR. The use of chemical crosslinking reagents coupled with mass spectrometry to investigate CYP interaction with its redox partner has also been recently evaluated. 16, 17 These studies have shown that key lysine residues on the proximal side of P450 are involved in complex formation. For instance, it has recently been demonstrated through chemical cross-linking studies that residues presumed to be located in the C-helix of CYP2B6 form contacts with residues located in the linker region between the FAD and FMN domains. 17 These same residues in the C-helix of CYP2B4 have been shown by mutagenesis to be involved in complex formation.
Although it is generally accepted that the site at which CPR interacts with P450s involves the proximal region of the P450, much of our knowledge regarding the specific residues that mediate this interaction stems from a very limited number of mutagenesis studies. Furthermore, most of these experimental studies have focused on mutating charged residues to neutral ones and measuring changes in activity of the CPRÀP450 complex in attempts to identify these residues. A central assumption in these studies is that the mutation does not alter electron transfer and/or the heme's catalytic integrity. However, since CPR affinity is measured indirectly through substrate turnover, it is not possible to distinguish the effect of mutagenesis on protein activity from CPRÀP450 complex formation by relying exclusively on steady-state measurements. Additionally, the significant biochemical and crystallographic work performed on the P450cam and P450BM3 redox complexes suggests the likelihood that ionic interactions do not exclusively dominate proteinÀprotein contact regions in all P450s. 18 The structure between the heme domain of P450BM3 and its FMN domain is the only available P450-redox partner complex structure and reveals that only a single intermolecular ionic bond mediates domain interaction. 19 The shared role that hydrophobic and ionic interactions play in redox proteins was also demonstrated in the recent crystal structure of the PdxÀPdr complex which showed that the interface includes two potential ionic interactions but is predominantly hydrophobic.
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Work from the Schenkman lab has questioned the universality of electrostatic pairing interactions and the extent that such interactions contribute to P450ÀCPR complex formation. 21, 22 Their results have shown that increasing ionic strength actually stimulated P450 reduction in an isoform dependent manner, thus suggesting that electrostatic forces inhibit the P450ÀCPR interaction. These observations, in part, inspired us to investigate the role of hydrophobic residues in P450ÀCPR interactions.
In an effort to experimentally identify the CPRÀP450 interface and the residues that dictate functional interaction at this interface, it is essential that the changes measured by such investigations result directly from proteinÀprotein interactions. Fluorescent probes that can be chemically attached to various sites on P450 and that exhibit varying fluorescence intensities as a function of their proximity to the CPRÀP450 binding site are powerful tools for mapping proteinÀprotein interfaces.
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Additionally, measurements of the kinetics of the reduction of ferric P450 by CPR using a stopped-flow spectrophotometer can be used to determine whether the effect of site-directed mutagenesis is on protein binding or electron transfer. Since the rate of reduction of P450 by CPR can be measured by mixing a preformed P450ÀCPR complex with NADPH in the presence of CO, then the mutation of residues on P450 that mediate P450ÀCPR complex formation should decrease the rate of reduction and the extent of P450ÀCO complex formation.
The results presented in this work demonstrate that when fluorescein-5-maleimide (FM) is attached to the proximal side of CYP2B4 and incubated with excess CPR, this region shows the largest fluorescence enhancement compared to studies where FM was adducted to residues located in regions distal and perpendicular to the axis of the hemeÀthiolate ligation. The mutation of hydrophobic residues to cys on the proximal side of 2B4 reduced the extent and rate of P450ÀCO complex formation to virtually the same extent as a positively charged proximal residue (R133) that was also mutated to cys and was previously reported to be the single largest contributor to P450ÀCPR interaction. 15 To our knowledge, this is the first study that circumvents the limitations inherent in identifying residues at proteinÀprotein interfaces exclusively by using mutagenesis and steady-state measurements by complementing those studies with stoppedflow and fluorescence spectroscopy. These results identify a novel role of hydrophobic residues V267 and L270 of CYP2B4 in CPR recognition and suggest that our approach will be informative for acquiring a detailed molecular understanding of proteinÀprotein interactions.
' EXPERIMENTAL PROCEDURES Chemicals. All chemicals used are of ACS grade unless otherwise specified and obtained from commercial vendors. Benzphetamine, NADPH, sodium dithionite, and tert-butyl hydroperoxide were purchased from Sigma. Trifluoroacetic acid and fluorescein-5-maleimide were purchased from Pierce Chemicals. Dilauroylphosphatidylcholine (DLPC) was purchased from Doosan Serdary Research Laboratory (Toronto, Canada). Carbon monoxide gas (purity >99.5%) was purchased from Cryogenic Gases (Detroit, MI).
Construction of CYP2B4 Variants. Site-directed mutagenesis was performed using a QuikChange site-directed mutagenesis kit according to the manufacturer's protocol (Stratagene). The forward and reverse mutagenic primers for C79S, C79SC152S, and the other seven variants are listed in Supporting Information Table S1 . These other seven variants used C79SC152S as a template plasmid with a single additional mutation: V267C, L270C, L420C, R133C, Y484C, H226C, or E60C. Each sitespecific mutation was confirmed by DNA sequencing at the University of Michigan DNA Sequencing Core.
Overexpression and Purification of CYP2B4 WT and Variants. CYP2B4, its variants, and CPR were expressed and purified from Escherichia coli as described previously. 26 The concentrations of CYP2B4 and its variants were determined using an extinction coefficient of Δε 450À490 nm of 91 mM cm À1 as described by Omura and Sato. 27 The concentration of CPR was determined using an extinction coefficient of 21 mM cm À1 at 456 nm for the oxidized enzyme. 28 Labeling of CYP2B4 Variants with FM. FM was dissolved in 5% DMF and prepared as a 10 mM stock in 0.1 M potassium phosphate buffer, pH 7.1. To determine the optimal concentration for labeling, aliquots of the FM stock solution were added to solutions of CYP2B4 (0.83 μM) in opaque Eppendorf tubes (to protect from light) such that the final concentration of FM was 50-, 100-, 200-, 500-, and 1000-fold over the concentration of CYP2B4, and the total volume was 400 μL. The protein samples were either allowed to sit at 4°C overnight or for 2 h at room temperature. Any precipitated FM was then removed by centrifuging at 13.2K rpm for 5 min, and the molecular masses of the labeled and unlabeled samples were then analyzed using an LCQ ion trap mass spectrometer (ThermoFinnigan, Inc.). Once the optimal concentrations of FM required for labeling each variant Biochemistry ARTICLE were identified, the above steps were repeated on larger samples, and the proteins were subsequently dialyzed extensively to remove any free FM from solution. The FM-labeled proteins were dialyzed for 4À5 h at a time for a number of times, and after each dialysis, the fluorescence emission of the dialysis solution was measured to determine the presence of unreacted FM. The dialysis was considered complete when FM could no longer be detected in the dialysis solution.
ESI-LC-MS Characterization of the FM-Labeled CYP2B4 Variants. The CYP2B4 samples (50 μL) were injected onto an Agilent Zorbax 300SB-C3 column (3.0 Â 150 mm; Agilent, Santa Clara, CA). ESI-LC-MS was carried out using a ThermoFinnigan LCQ ion trap mass spectrometer interfaced with a Hewlett-Packard 1100 series HPLC system (Hewlett-Packard, Palo Alto, CA). The sheath gas was set at 90 (arbitrary units), and the auxiliary gas was set at 30 (arbitrary units). The spray voltage was 3.5 kV, and the capillary temperature was 200°C. The flow rate was 0.2 mL/min, and the initial conditions were 70% 0.1% TFA (v/v) in water (solvent A) and 30% of 0.1% TFA (v/v) in acetonitrile (solvent B). The percentage of B was maintained at 30% for 5 min followed by a linear gradient to 90% B from 5 to 35 min and maintained at 90% B for another 10 min. The gradient was then lowered from 90% to 30% B in 5 min and held for 15 min to equilibrate the column.
Characterization of CYP2B4-FM Variants. The K d reported for the CPRÀP450 complex is in the range 0.02À0.1 μM.
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Thus, to ensure that under our experimental conditions >95% of the CYP2B4-FM variants were complexed with CPR, final concentrations of 3 μM CPR, 0.1 μM CYP2B4-FM, and 0.1 mg/mL DLPC were first reconstituted overnight at 4°C and then diluted to a final volume of 600 μL in 50 mM potassium phosphate, pH 7.4. Fluorescence measurements of the CYP2B4-FM variants were performed on a Shimadzu RF-5301PC spectrofluorophotometer (Columbia, MD) using 10 nm excitation and 10 nm emission bandwidth slits. The excitation wavelength was set at 490 nm, and the emission spectrum was obtained by scanning from 495 to 600 nm. The emission intensity of the blank (in the absence of CPR) was subtracted from the intensity in the presence of 3 μM CPR, and that difference was divided by the fluorescence intensity in the absence of CPR to give a percent intensity enhancement for each CYP2B4-FMÀCPR variant complex. The percent fluorescence enhancement of each CYP2B4-FMÀCPR variant complex was then normalized to the percentage fluorescence enhancement recorded for CYP2B4-FM (L420C) to give a relative measure of the fluorescence change as result of reconstituting with CPR.
Determination of the Apparent K d Values of the CYP2B4-FM Variants for CPR. The apparent dissociation constants of the CYP2B4-FM variants for CPR were determined by measuring the difference in fluorescence intensity of the CYP2B4-FM variants in the presence and absence of varying concentrations of CPR. These data were normalized to the fluorescence intensity obtained from the concentration of CPR that yielded a plateau in fluorescence enhancement. The fluorescence of the 0.05 μM CYP2B4-FM variants was individually recorded in the presence of 0.1 mg/mL DLPC and 50 mM potassium phosphate pH 7.4 at 22°C to obtain initial intensity (I i ) at the emission maximum. Increasing concentrations of CPR were reconstituted overnight at 4°C in the presence of 0.05 μM of the CYP2B4-FM variant and 0.1 mg/mL DLPC. These samples were diluted in 50 mM potassium phosphate, pH 7.4, to 600 μL final volume, and the emission of the mixture was recorded to obtain (I). The fluorescence intensity obtained from the concentration of CPR that produced the highest fluorescence intensity was recorded to obtain maximum intensity (I max ).
Assuming the formation of a 1:1 complex, the equilibrium dissociation between CYP2B4-FM and CPR can be described by the equation
The equilibrium dissociation constant or K d is given by the equation
where [CYP2B4-FM] and [CPR] are the free concentrations of CYP2B4-FM and CPR, respectively. This can be rewritten as
where F is obtained from the equation The reconstituted mixtures were then added to 50 mM potassium phosphate buffer, pH 7.4, and 1 mM benzphetamine. After the samples were equilibrated at 30°C for 15 min, the reactions were initiated by adding 7.5 μL of 20 mM NADPH for a final reaction volume of 500 μL. The reactions were allowed to proceed for 5 min at 30°C before they were quenched by the addition of 25 μL of 50% TFA. The protein was precipitated by centrifugation at 13.2K rpm for 5 min, and a 500 μL aliquot of the supernatant was assayed for formaldehyde using the Nash reaction. 32 The kinetic parameters were determined by fitting the data to the MichaelisÀMenten equation using GraphPad Prism 5.0 from GraphPad software (La Jolla, CA).
Characterization of the tert-Butyl Hydroperoxide-Supported Metabolism of Benzphetamine by CYP2B4 WT and its Variants in the Absence of FM. To determine the rates for the tert-butyl hydroperoxide-supported metabolism of benzphetamine, final concentrations of 0.25 μM CYP2B4 WT and its variants were each incubated with 0.1 mg/mL DLPC, 50 mM potassium phosphate buffer, pH 7.4, and 1 mM benzphetamine at 30°C for 15 min. 52.5 μL of 1 M tert-butyl hydroperoxide was added to give a final volume of 500 μL, and the reactions were allowed to proceed for 5 min, after which they were terminated by the addition of 25 μL of 50% TFA. The samples were centrifuged at 13.2K rpm for 5 min, and 500 μL aliquots of the supernatants were assayed for formaldehyde using the Nash reaction.
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Determination of the Rate of Electron Transfer from CPR to CYP2B4 WT and Its Variants in the Absence of FM. In order to investigate the effects of the mutations on the interactions between the CYP2B4 variants and CPR, the rates of the first electron transfer from CPR to the CYP2B4 WT and its variants were measured. The rates of reduction were determined using a stopped-flow spectrophotometer (Hi-Tech SF61DX2, TgK Scientific, Bradford-on-Avon, UK) to monitor the increase in the absorbance at 450 nm as a result of the formation of the ferrous CYP2B4ÀCO adduct following reduction of ferric CYP2B4 by CPR at 30°C. One syringe contained CYP2B4 WT or a variant (3 μM), CPR (3 μM), and DLPC (0.15 mg/mL) that had been reconstituted on ice for 1 h before being diluted in 0.1 M potassium phosphate buffer, pH 7.4, to a final volume of 1.5 mL. This mixture was then rapidly mixed with an equal volume of 0.1 M potassium phosphate buffer, pH 7.4, and 0.1 mM NADPH from another syringe. Both solutions had been saturated with CO by passing a gentle stream of CO gas over the sample solutions. The increase in absorbance at 450 nm was monitored over time for 100 s. The data were then analyzed to determine the apparent rate constants and amplitudes for the rates of electron transfer from CPR to CYP2B4 WT and its variants by fitting the absorbance changes at 450 nm to a threeexponential equation using the KinetAsyst software (Bradford-onAvon, UK).
' RESULTS Rationale for the Selection of Solvent-Exposed Residues for FM Labeling. CYP2B4 is the paradigmatic mammalian P450. It can be expressed and purified in relatively large quantities 15 and has been studied extensively from a structureÀfunction point of view. 33 Furthermore, a crystal structure is readily available from the Brookhaven National Laboratory Protein Data Bank site (PDB ID 1suo) 34 which, along with the work of Bridges et al., 15 guided the selection of solvent exposed residues for mutagenesis.
CYP2B4 WT possesses four cys residues, two of which (C79 and C152) are solvent exposed. When the WT enzyme was incubated with FM and analyzed using ESI-LC/MS, an increase in molecular mass corresponding to the adduct formation by reaction of two FM molecules was observed. Since C152, but not C79, was in a position of interest for our current study, C79 was mutated to a Ser in order to block maleimide labeling, thus leaving C152 available for investigation ( Figure 2 ). The additional residues that were selected for FM labeling following cys mutagenesis were E60, H226, Y484, V267, R133, L270, and L420 ( Figure 2) . A double cysteine to serine mutation (C79S/C152S) was generated to serve as a starting point for studying the mutation of residues E60, H226, Y484, V267, R133, L270, and L420 to cys. For simplicity, a specific CYP2B4 such as C79S/ C152S/E60C is denoted as CYP2B4 (E60C), while the single C79S mutation is simply denoted as CYP2B4 C79S. All variants containing the FM abbreviation (e.g., (V267C)FM) are P450s that are chemically labeled by fluorescein-5-maleimide.
In order to determine which hydrophobic residues would be selected for site-directed mutagenesis studies on CYP2B4's proximal region, we performed an APBS surface electrostatic plot of CYP2B4's crystal structure (PDB code 1SUO). This analysis revealed that the solvent-exposed proximal region is composed of a variety of charged and neutral residues (Figure 1) . Specifically, the center of the proximal region is mostly composed of hydrophobic residues that are surrounded by a series of Arg and Lys. Most notably, we observed a relatively large and Figure 2 . Selection of solvent-exposed residues for FM labeling. van der Waals surface representations of CYP2B4 (PDB 1SUO) in the upper left and right corners display the proximal and distal regions of CYP2B4, respectively. The lower left and right structures represent regions perpendicular to the axis of the hemeÀthiolate ligation. The residues that were selected for cysteine mutagenesis and subsequent FM labeling are shown in blue, while the rest of the structure is shown in maize. Since WT CYP2B4 possesses two surface-exposed cysteines (C79 and C152), almost all our studies required generating a C79S/C152S template to which cysteine residues were introduced at sites of interest. However, residue C152 (lower right) was already in a position of interest, and studying this site simply required replacing C79 with serine. Figure 1 . Surface electrostatic plot of the proximal region of CYP2B4. Electrostatic surface of CYP2B4 as determined by APBS which shows the central basic residues proposed to be involved in CPR binding and a hydrophobic patch that includes V267 and L270 indicated by the dashed yellow circle. Red represents acidic residues while blue represents basic residues on the surface of CYP2B4.
Biochemistry ARTICLE concentrated patch of hydrophobic residues near R126, R133, and K274. The hydrophobic patch consists of the following residues: A123, F127, F135, G136, M137, P258, P261, F264, V267, L270, and F283. Of these residues, L270 and V267 are not within van der Waals contact with other amino acids and their roles in CPR binding have yet to be characterized. Therefore, the absence of significant intermolecular interactions between V267 and L270 and their surrounding residues made them good candidates for mutagenesis.
In contrast, Bridges et al. studied the role of the basic proximal residue R133 in mediating proteinÀprotein interaction extensively. 15 Their study showed that mutating this residue to Ala had the largest impact on increasing the apparent K d for the CYP2B4ÀCPR complex. Thus, R133 was also chosen for mutation to cys due to its previously demonstrated role in complex formation. Furthermore, two more residues, H226 and Y484, were chosen for cys mutagenesis to investigate the possibility that the distal side of CYP2B4 might serve as a docking site for CPR. 35 Generation of CYP2B4 Variants. The site-directed mutations were produced as described in the Experimental Procedures section. As evidenced by a reduced CO difference spectrum, all of the mutants absorbed predominantly at 450 nm with minimal absorption at 420 nm (∼10%). Chemical labeling of the C79S and triple mutants by FM followed by ESI-LC/MS analysis showed that the MW of the variants increased by a mass which corresponded to the adduction of a single FM label and thus suggested they both had a single solvent exposed cysteine. The WT incorporated two FM labels while C79SC152S was completely resistant to labeling.
Labeling of the CYP2B4 Mutants with FM. In order to study directly the binding interface of the CYP2B4ÀCPR complex, we chose FM because it combines an environmentally sensitive fluorescent moiety (fluorescein) 24 with the labeling specificity of the maleimide group. 36 Monitoring the degree of labeling using ESI-LC/MS allowed us to optimize our reaction conditions. Typically, this involved incubating CYP2B4 variants (0.83 μM) each with 41.5, 83, 166, 415, and 830 μM of FM overnight at 4°C, as described in the Experimental Procedures section. Each CYP2B4-FM was dialyzed against 0.1 M potassium phosphate buffer, pH 7.4, until all free fluorescein was removed from solution. The crystal structure of CYP2B4 in the closed conformation shows that there are two native solvent-exposed cysteine residues (C79 and C152), and incubation of the WT with FM confirms this observation by incorporating two FM labels. As expected, when C79S and the triple mutants were incubated separately with FM, they each reacted with the FM to give a single adduct to the protein, as measured by the increase in mass, while C79SC152S showed no increase in mass This is evidenced by the presence of a peak that corresponds to the mass of a singly labeled CYP2B4-FM variant ((50 Da) and the absence of a peak that corresponds to an unlabeled CYP2B4 variant (data not shown). The lowest concentration of FM that produced the highest degree of labeling in the given amount of time was chosen for large scale labeling.
Fluorescence Characterization of the CYP2B4-FM Variants with CPR. In an attempt to study the proteinÀprotein interactions at the binding interface of the CYP2B4ÀCPR complex, a fluorescent probe that has previously been shown to be sensitive to changes in its local environment was attached to solvent exposed cys residues on the surface of CYP2B4. When reconstituted with DLPC and CPR, we observed changes in the fluorescence emission intensity of the CYP2B4-FM variants which were dependent on the position of the label. For example, the variants of CYP2B4 labeled on the (L420C), (L270C), (V267C), and (R133C) showed the largest increases in fluorescence intensity in the presence of CPR (Figure 3 ). In contrast, the variants of CYP2B4 labeled on the distal side, (H226C) and (Y484C), showed virtually no fluorescence enhancement, while CYP2B4 (E60C) and C79S showed changes that were intermediate between those observed for the proximal and distal variants. To test whether the CYP2B4-FM fluorescence enhancement is the result of specific binding of CPR to CYP2B4 and not due to random proteinÀprotein interactions, we tested whether bovine serum albumin (BSA) could, under the same conditions, reproduce the results observed with CPR. The addition of up to a 50-fold excess of BSA only enhanced the fluorescence emission by 5%, thus demonstrating that the results observed in Figure 3 are specific to the interactions of CPR with CYP2B4-FM to form a complex (data not shown). To further investigate the specificity of these results, we performed titration studies with CPR to see if the increase in the fluorescence enhancement with increasing CPR would allow us to determine dissociation constants for the complex.
Determination of the K d Value for the CPRÀCYP2B4-FM
Complex Using Fluorescence Titration. Previous studies have shown that fluorescent compounds can be used as probes to understand the quantitative basis for proteinÀprotein interactions. 31 Since (L420C), (L270C), (V267C), and (R133C) variants of CYP2B4-FM showed the largest enhancements in fluorescence emission, they were used to determine the dissociation constants for the complex. The results are presented in Figure 4 and Table 1 . (R133C)FM, (L270C)FM, and (V267C)FM showed 3.8-, 5.2-, and 5.6-fold increases respectively in their apparent K d for CPR compared to (L420C)FM. This difference is indicative of weaker binding of CPR to these variants. The results obtained with (R133C)FM in this assay parallel those for the Ala mutagenesis study reported by Bridges et al. 15 That is, R133 appears to be an important residue mediating CPR binding. Thus, this residue serves as an excellent positive control for our approach, and the titration data suggest that L270 and V267 may also be implicated in the interaction of CPR with CYP2B4. If, like R133, L270 and V267 constitute part of the binding interface, we hypothesize that the K m 's of these variants for CPR should also be higher than those for all other variants and WT. Complex formation between CPR and CYP is an essential step in the transfer of electrons to the heme that is required for substrate oxidation. It has been proposed that the rate of substrate oxidation is directly proportional to the concentration of the CPRÀCYP2B4 complex. 15, 29 Thus, by measuring the rate of benzphetamine oxidation in the presence of a fixed concentration of CYP2B4 and increasing concentrations of CPR, K m and k cat values can be determined. By comparing these values with the K d values that were determined by fluorescence spectroscopy, we can investigate the effect of the mutations on CPR affinity in the absence of FM. The mutation of a residue involved in redox partner recognition should disrupt complex formation and increase the concentration of uncomplexed CYP2B4 which is not able to oxidize substrate. As shown in Figure 5 and Table 2 , the rate of benzphetamine oxidation as a function of varying CPR concentrations follows a rectangular hyperbolic relationship, which can be fit to the MichaelisÀMenten equation.
It is apparent that the majority of the mutations did not significantly affect K m or k cat . Most notable, however, were the significant increases in the K m values observed for CYP2B4 (R133C), (L270C), and (V267C) as well as a decrease in the k cat value for (R133C). As expected, the K d 's observed in Table 1 agree with the increases in the K m values, and this agreement suggests that hydrophobic residues V267 and L270, in addition to charged residues, may also mediate CPRÀCYP2B4 interactions. Since the results obtained from this assay rely on substrate metabolism, it might also be argued that a decrease in benzphetamine oxidation may be attributed to an alteration in the P450 active site instead of decreases in the concentrations of the CPRÀCYP2B4 variants complex. Such alterations can be assessed by determining the tert-butyl hydroperoxidesupported metabolism of benzphetamine by the CYP2B4 WT enzyme and its variants.
Characterization of the tert-Butyl Hydroperoxide-Supported Metabolism of Benzphetamine by the CYP2B4 WT Enzyme and Its Variants in the Absence of FM. In order to determine whether the increase in K m is due to disruption of the interaction of CYP2B4 with CPR, or another step in the catalytic cycle, the benzphetamine catalytic activity supported by tBHP was characterized and compared to that supported by CPR. As shown in Figure 5 and Table 2 , CYP2B4 (R133C), (L270C), and (V267C) exhibited increases in the K m values when titrated with CPR. However, when the reaction was performed in the presence of tBHP, none of the variants displayed any significant changes in benzphetamine activity ( Figure 6 ). Since hydroperoxides and other artificial oxygen donors are able to support the catalytic The fluorescence emission of the 0.05 μM CYP2B4-FM proximal variants were recorded in the presence of 0.1 mg/mL DLPC and 50 mM potassium phosphate, pH 7.4, at 22°C. The CYP2B4-FM samples were then reconstituted with increasing concentrations of CPR. The resulting titration curves were fit to the MichaelisÀMenten equation from which K d 's were determined. Biochemistry ARTICLE turnover of P450s in the absence of redox partners such as CPR, the decrease in the CPR supported activity suggests that the increase in K m occurs as a result of mutations impairing the binding of CYP2B4 (R133C), (L270C), and (V267C) variants with CPR or electron transfer pathways. To distinguish between the two, we measured the rate and extent of the reduction of CYP2B4 variants by CPR using stopped-flow spectrophotometry.
Determination of the Rates of Electron Transfer from CPR to CYP2B4 WT and Its Variants in the Absence of FM. To test our hypothesis that residues L270 and V267, like R133 are involved in the binding of CPR, we measured the rate and extent of reduction of ferric CYP2B4 WT and its variants by CPR under pre-steady-state conditions. Using stopped-flow spectrophotometry, we mixed preformed CYP2B4 WT or variantÀCPR complexes with NADPH in the presence of CO and monitored the increase in absorbance at 450 nm with time. The production of the reduced-CO complex of P450 absorbing at 450 nm is the result of a series of steps. First, NADPH must reduce CPR, which then delivers an electron to P450. This electron reduces the ferric heme to its ferrous state that can bind CO and absorbs at 450 nm. The binding of CO is very rapid compared to the reduction reaction and has no effect on the rate observed. When the CPRÀP450 complex is not preformed by lengthy reconstitution, the association reaction and the subsequent reduction of P450 by CPR are very slow. 37 For this reason, the rate of first electron transfer from CPR to P450 is typically measured by mixing a preformed P450ÀCPR complex with NADPH. Since the formation of a P450ÀCO complex depends on the amount of ferrous heme, which in turn depends on the concentration of the CPRÀP450 complex, the total amplitude of the fast and slow phases is a reflection of the affinity of P450 for CPR. By deriving the concentration of the P450ÀCO complex from the total amplitude of the fast and slow phases, and examining the rate constants of those phases, we can distinguish the effect of our mutations on proteinÀprotein interaction from studies on P450 reduction. Figure 7 shows the absorbance increase for the proximal variants, C79SC152S and WT. As expected, the reduction of all variants and WT followed biphasic kinetics. The rate constants of the fast and slow phases for the reduction of CYP2B4 WT in the absence of benzphetamine are 0.70 and 0.16 s
À1
, respectively, and the amplitude of the fast phase is 62%. The final concentration of the CYP2B4WTÀCO complex was determined from the total amplitude of the fast and slow phases and for the WT this was 1.22 μM (81% of the theoretical concentration). Variants C79SC152S, C79S, (E60C), and (Y484C) were all reduced to virtually the same levels and rate as the WT, while (H226C) and (L420C) displayed slightly lower total amplitudes (by 44% and 36%, respectively) and rates compared to WT. As reflected in the total concentration of the CYP2B4ÀCO complex, variants (V267C), (L270C), and (R133C) had the most significant effect on CPR binding. These variants reduced the total amount of CYP2B4ÀCO complex by an average of 77%, and their kinetic constants for the fast phase of reduction were similarly affected. It is interesting to note that when the kinetics of the reduction of these mutants using equimolar ratios of P450 and CPR were compared to the kinetics of reduction with a 3-fold excess of CPR over P450, no significant increase in the rate of the fast phase was observed; however, the total amplitude increased significantly ( Figure 1S ). Therefore, these data clearly demonstrate that V267 and L270 in CYP2B4 are involved in binding CPR. Figure 6 . Comparison of the tBHP-supported metabolism of benzphetamine by CYP2B4 WT and variants. CYP2B4 WT and its variants were incubated with DLPC, potassium phosphate buffer, pH 7.4, and excess benzphetamine as described under Experimental Procedures. The reactions were initiated by the addition of a 0.1 M final concentration of tBHP, and the rate of formaldehyde formation was assessed spectrometrically after reaction with Nash's reagent. The data are an average of two experiments with the error bars representing standard error mean. Figure 7 . Kinetics for the reduction of the CYP2B4 proximal variants by CPR in the presence of NADPH. CYP2B4, CPR, and DLPC were reconstituted for 1 h on ice and mixed with NADPH in a stopped-flow apparatus. After mixing, the final concentrations of CYP2B4 and CPR were 1.5 μM, and NADPH was 50 μM. Experiments were conducted as described under Experimental Procedures with a saturated solution of CO in both syringes. For convenience, all the absorbance data are offset to the same baseline. As described under Experimental Procedures, the kinetic parameters were determined by measuring the rate of formaldehyde formation as a result of CYP2B4-mediated N-demethylation of benzphetamine under fixed concentrations of CYP2B4 and excess benzphetamine with increasing concentrations of CPR.
The results presented here demonstrate that the site for the binding of CPR to CYP2B4 is on the proximal side of CYP2B4 and that mutation of residues L270 and V267 to cys disrupts the CYP2B4ÀCPR interaction. To investigate the residues involved in binding, we mutated strategically selected residues on the surface of CYP2B4 to cys for site-specific labeling with FM and observed that when these P450s were reconstituted with excess CPR and DLPC, the largest fluorescence enhancement was recorded for those variants with labels on their proximal side. With the goal of uncovering whether hydrophobic residues might be involved in recognition and binding of CPR, we investigated whether the V267C and L270C mutations could inhibit complex formation by studying the K m 's of the variants for CPR and monitoring the rate and extent of P450 reduction by CPR. We observed a significant increase in K m and a decrease in the rates and extents of P450 reduction for the proximal variants (L270C), (V267C), and (R133C) and virtually no change for (L420C) compared to WT.
Bridges et al. 15 have previously demonstrated that R133, when mutated to ala, exhibited the single largest perturbation on the apparent K d of CYP2B4 for CPR when compared to WT. Therefore, we used this residue as a positive control to evaluate the results obtained using our strategy. Experiments where the CYP2B4-FM variants were incubated with CPR revealed that fluorescence enhancement occurs to some extent for each site of FM attachment with the highest extent of fluorescence enhancement occurring with variants (V267C), (L270C), (R133C), and (L420C). It is likely that interactions of the amino acid residues from CPR with the FM label on the P450 increases the probe's quantum yield by restricting its conformational flexibility and reducing the amount of energy dissipated as nonradiative decay. This would increase the emission intensity of the probe and explain the observed results. Another, although highly unlikely, explanation for the increase in fluorescence emission is that the binding of CPR to CYP2B4 induces a conformational change in the protein that results in the burial of the probe further into the core of CYP2B4. Thus, the changes observed could possibly be due to some type of allosteric effect rather than direct binding. Although P450s are known to undergo relatively large conformational changes in the presence of substrate, 34, 38, 39 conformational changes of the magnitude required to internalize FM in CYP2B4 have not been reported. Moreover, the possibility of multiple docking sites for CPR on CYP2B4 is not supported by the data obtained from this study. Instead, our findings support the hypothesis that only a single, proximally located site on CYP2B4 is involved in complex formation.
The spectral results shown in Figure 3 led us to investigate the quantitative basis for the CYP2B4ÀCPR interaction by titrating fixed concentrations of the CYP2B4-FM variants with increasing concentrations of CPR. By plotting the increase in fluorescence intensity with increasing concentrations of CPR and fitting this to eq 2, we were able to determine the affinity of the various FMmodified proximal mutants for CPR. As shown in Figure 4 and Table 1 CYP2B4 (L420C)-FM had the lowest K d while (V267C)-, (L270C)-, and (R133C)-FM all displayed similarly lower affinities for CPR. Although the addition of two FM labels to the WT P450 prevented us from obtaining fluorescence titration data for an unmutagenized CYP2B4, the K d obtained for CYP2B4 (L420C)-FM corresponds closely to previously reported K d 's for WT CYP2B4ÀCPR. Since this variant also exhibited similar K m and k cat values for CPR as WT, it not only serves as a reasonable reference to the WT but also suggests that the FM-labeled L420C residue is close enough to the CPR docking site to exhibit changes in fluorescence enhancement in the presence of CPR but is not involved in mediating CPR binding.
To characterize the effect of mutating the selected residues to cysteines in the absence of the fluorescent probe, we opted to characterize the K m and k cat values of the mutants for CPR. This approach would not only provide information regarding the possible roles of V267 and L270 in CPR binding in the absence of FM but would also reveal whether the lack of the fluorescence enhancement observed for the distal and side mutants was due to either a lack of interaction with the reversibly bound CPR or an obliteration of the interaction as a consequence of mutagenesis. Although we expected it was due to the former, we needed a definitive way to investigate the latter possibility. By studying the rate of benzphetamine oxidation as a function of increasing concentrations of CPR, an apparent K m can be determined to assess the affinity of the unmodified variants for CPR. Although this approach has been used in the past, the results obtained from steady-state kinetic analyses of P450 variants do not necessarily directly determine which residues mediate CPRÀP450 interaction. For example, electron transfer from CPR to P450 is thought to be mediated by amino acid residues that facilitate electron tunneling through proteins. 40 The identity of these particular residues is currently unknown, but when mutated to nonfunctional ones, their effect on protein activity could be indistinguishable from that of residues involved in CPRÀP450 interactions. This limitation highlights the need to employ a holistic approach that combines steady-state turnover kinetics with fluorescence and stopped-flow spectroscopy to the study of residues involved in redox partner recognition and forms the basis on which the experiments presented in this study were conceived.
The hypothesis that residues L270 and V267, like R133, occupy the binding interface is supported by our K m data and further strengthened by stopped-flow experiments. In the kinetic experiments for the determination of the K m , all of the proximal mutants with the exception of (L420C) showed increases in K m values that, based on our studies on the tBHP supported catalytic activity, could not be attributed to an altered P450 active site. Biochemistry ARTICLE Furthermore, the possibility that no fluorescence enhancement was observed when the distal FM-labeled variants were incubated with CPR because of complete disruption of complex formation can be conclusively ruled out by the observation that all of the other variants exhibited K m 's that were virtually identical to WT. Data from measurements of the rate and extent of P450 reduction by CPR argue in favor of the conclusion that the higher K m and K d values for (V267C), (L270C), and (R133C) for CPR are due to impaired proteinÀprotein interactions. Disruption of CYP2B4ÀCPR binding as a result of proximal residue mutagenesis can be inferred from the total amplitude of the slow and fast phases and is critical to our understanding of the roles of L270 and V267 in complex formation. In theory, the binding of CO to ferrous heme should promote further CYP2B4ÀCPR complex formation by depleting the concentration of ferric heme and shifting the equilibrium between ferric and ferrous forms in the direction of the ferrous state. However, experimentally, we, and others, find that the association of P450 with CPR is very slow when the complex between the two proteins is not preformed by extensive reconstitution. 37 Therefore, in this study the concentration of the CYP2B4ÀCO complex is limited by the concentration of the CYP2B4ÀCPR complex, and the total amplitude of the fast and slow phases is a reflection of the affinity of the protein partners for each other. In the case of residues V267, L270, and R133, only 24, 26, and 19%, respectively, of the P450 variants was reduced by CPR compared to WT and strongly supports the conclusion that these residues are involved in CPR binding.
Since proteinÀprotein interaction between CPR and CYP2B4 appears to involve both complementary charge pairing and hydrophobic interactions, how do the two different intermolecular forces coordinate protein recognition? Jones and Thornton have surveyed the interfaces of protein heterocomplexes with the goal to identify the types of residues that distinguish those found at the interface from those present on the surface of the protein. 41 They have noted that large hydrophobic and uncharged polar residues were present more often at the binding interface compared to the rest of the solvent exposed surface. Similarly, work on the human growth hormone receptor has demonstrated that when hydrophobic contacts are distributed over a relatively large area they can contribute substantially to the binding energy. 42 Shielding these hydrophobic contacts from the influence of water are charged residues that frame the binding interface and are postulated to dictate specificity in the interaction. The notion that hydrophobic residues can dominate the interfaces of redox-partners was recently reinforced by the crystal structure of a chemically cross-linked putidaredoxin reductase (Pdr) and putidaredoxin (Pdx) complex that is essential in the P450 cam monooxygenase system. These studies revealed that the PdrÀPdx interface is predominantly hydrophobic with a central salt bridge assisting docking and orientation. 20 Since the structure of CYP102A1 (P450BM3) (PDB code 1BVY) represents the only known crystal structure of a P450 complexed with its redox partner, 19 it is interesting to examine whether the residues currently believed to contribute to the CYP2B4ÀCPR interaction 15 are conserved in the heme domain of P450BM3. The amino acid sequences of CYP2B4 and P450BM3 were subjected to analysis by the EMBOSS Pairwise Alignment Algorithm 43 which revealed that the charge of approximately half of the CYP2B4 residues believed to mediate CPR recognition are conserved between these two P450s ( Figure 2S ). Specifically, we find that the charges of only R122, F135, M137, L270, and K433 of CYP2B4 are conserved in P450BM3. Interestingly, the P450BM3 counterparts to the CYP2B4 basic amino acids identified by Bridges et al. 15 to be involved in binding CPR are almost all neutral residues while V267 on CYP2B4 is H237 in P450BM3. Of all the P450BM3 residues presented in Table 2S only K98 and Q398 are within the FMN domain binding region. However, only Q396 of BM3 0 s heme domain could potentially form a hydrogen bond with E494 of the FMN domain (although the two are 6.2 Å apart) since K98 of the heme domain likely contributes to the k off of the complex as it forms a charge repulsion interaction with R498 of BM3's FMN domain. Thus, although the P450BM3 structure is the only available crystal structure of a P450Àredox partner complex, it is difficult to extend our understanding of specific CYP2B4's residues involved in binding CPR to P450BM3.
In the CPRÀP450 interaction field roles for hydrophobic residues and charged residues in mediating complex formation have been identified in the past. 14,15,17,21,44À46 However, most studies relied on steady-state turnover kinetics to determine the binding interface and thus could not distinguish perturbations in electron transfer pathways from binding affinity. To our knowledge, this study is the first to identify roles for L270 and V267 in the interaction between CYP2B4 and CPR using a combination of kinetic and nonkinetic methods.
The residues present at proteinÀprotein interaction sites not only dictate the k on of the association but the k off of the dissociation as well. This is usually achieved either through steric clashing or electrostatic repulsion. Knowledge regarding these residues can be harnessed to create P450 mutants with residues that contribute to the k off re-engineered to promote the k on . 47, 48 As a result of the change, we would anticipate a tighter binding CPR to P450 and thus higher P450 catalytic activity that could be exploited industrially in the P450-mediated biosynthesis of chemicals. 49 Therefore, further studies are under way to determine the effect of mutating V267 and L270 to charged residues on the K d of the CYP2B4ÀCPR complex.
The insights gained into the roles of selected amino acid residues in the interactions between CYP2B4 and CPR by combining stopped-flow and fluorescence spectroscopy, sitespecific mutagenesis, and steady-state kinetics are invaluable. They demonstrate that FM can be used to site-specifically label surface exposed residues on 2B4, and when reconstituted with CPR, the CYP2B4-FM variants with labels on their proximal side showed the largest fluorescence enhancement compared to other residues on the surface of CYP2B4. These residues were L420C, L270C, V267C, and R133C. With the exception of L420C, all the proximal variants showed increased K d and K m values for CPR and were reduced by CPR at rates and to extents significantly less than WT. Thus, we propose an expanded role for hydrophobic residues in mediating complex formation between CYP2B4 and CPR. 
